An ultra-high strength steel sheet with a tensile strength over 1500 MPa and excellent low-temperature impact toughness was obtained by either using controlled rolling plus air cooling (CR+AC) or laboratorial thermo-mechanical controlled processing (TMCP). The effects of CR+AC and the TMCP processes were then examined on the microstructures and mechanical properties of this steel sheet. The results showed that by using CR+AC technology a uniformly distributed bainitic ferrite microstructure could be produced in this steel sheet under the appropriate reheating and rolling condition. By using TMCP technology, a lath bainite and martensitic microstructure with superior mechanical properties could also be generated. A microstructural analysis was made to interprete the strengthening-toughening mechanisms in association with the processes.
Introduction
The microstructure of bainitic steel is a metastable aggregate of ferrite and cementite, which was produced from the austenite transformation at temperature below the pearlite range and above the martensite starting temperature (Aglan et al., 2004) . By multi-elemental alloying and deliberately microstructural control via appropriate processing, the bainitic steel can be made with ultra-high strength and excellent fracture toughness (Caballero and Bhadeshia, 2004; Sourmail and Smanio, 2013) . In order to develop new generation of high strength steel with sufficient wear resistance, the steels with bainitic microstructure that could achieve ultra-high strength and also higher plastic characteristics became the background for developing such new structural steels, e.g. in the production of steel rail (Hlavatý et al., 2009) .
It is known that high carbon bainitic and martensitic steels were not used as rail steel in the past. Instead, high carbon pearlitic steels have long been produced as the steel rail material (Khourshid et al., 2001) , because high carbon bainitic steel is less wear resistant than fine pearlitic steel. Similarly, the plate martensite is also brittle and susceptible to micro-cracks (Singh et al., 2001) . Moreover, heat treatment approach to obtaining martensite is an economically and environmentally costly step to the manufacturing route. Thus, bainitic steels are gaining ground as an alternative to quenched and tempered steels (Sourmail and Smanio, 2013) . In comparison with pearlitic rail steels, bainitic rail steels possess superior flaking resistance, good wear resistance and excellent weldability (Yokohama et al., 2001) . Although low carbon bainitic steels have merits of high toughness, impact resistance and rolling contact fatigue resistance, the processing and mechanical properties pertinent to the industrial production route remain to be understood , especially those related to the cooling conditions after hot deformation.
In this study, a low carbon bainitic rail steel was utilized as experimental material to investigate the effects of processing condition on the microstructures and mechanical properties of this ultra-high strength plate steel. Emphasis of this study was put on the examination and characterization of microstructural change and mechanical properties when controlled rolling plus air cooling (CR+AC) and thermo-mechanical controlled processing (TMCP) had been used for preparing this low carbon ultra-high strength steel sheet.
Experimental procedure
The chemical composition of the steel sheet in this study was optimized by Thermo-Calc calculation and is similar to that of J6 bainitic rail steel (Aglan et al., 2004; Hlavatý et al., 2009) . When compared with pearlitic rail steel, we may note that this steel has low carbon content and was alloyed with multiple elements. In a laboratory induction vacuum furnace, a 150 kg ingot was smelted and cast. The ingot was then forged into slab with a transversal size of 90 90 mm. Table 1 lists its chemical composition. Cold charging was used to simulate industrial reheating process. The ingot was heated to 1200 C in an electric furnace and kept for 120 min. Controlled rolling at two stages, i.e. recrystallized (Stage 1) and unrecrystallized regions (Stage 2), was conducted for the ingot and the final thickness of the steel sheet is 12 mm. At recrystallized region, the initial rolling temperature is 1150~1050 C, while at unrecrystallized region the starting temperature is 950~900 C. The finish rolling temperatures at these two stages are 1000 C and 850 C, respectively, and the accumulated rolling reduction ratio is over 60% at each stage. In order to have an optimal processing technology and consider the cooling mode, effects of CR+AC (process I) and TMCP (process II) were investigated on the microstructures and mechanical properties of this steel. Fig. 1 summarizes the rolling schedules and subsequent cooling modes. The detailed information on the controlled rolling and cooling is presented in Table 2 . The specimen for metallographic observation was sectioned along the rolling direction. After mechanical grinding and polishing, they were etched in 4 vol.% HNO 3 alcohol solution and then observed at a DM 2500M optical microscope. The more refined microstructures were observed at Quanta 600 scanning electron microscope (SEM) and a TecnaiG 2 F20 transmission electron microscope (TEM). Vickers hardness was measured in FM-700 testing machine with load of 100 g and loading time of 15 s.
The tensile and V-notch Charp impact specimens were machined also along the rolling direction. The tensile test was conducted on a WAW-1000 electro-hydraulic servo universal testing machine with a strain rate of 10 3 s 1 , while the impact test was carried out on Instron 9250 HV floor type of instrumented impact test machine at room temperature and 30 C.
Results and discussion
Figs. 2(a) and (b) show the optical microstructures of this steel processed by CR+AC (I) and TMCP (II), respectively, while the SEM microstructures after these two routes are presented in Figs. 3(a) and (b) . Considering the hot rolling schedule used in this study, we may find that the microstructure in Figs. 2(a) and 3(a) is bainite and those after TMCP can be ascribed to a mixture of lath martensite and bainite as shown in Figs. 2(b) and 3(b). The tensile mechanical properties and hardness of the experimental steel after two processing routes are presented in Table 3 . It should be pointed out that the total elongation of this extra-high strength bainitic steel exceed 10% processed by either CR+AC or TMCP, while it maintains extremely high tensile strength. The reason for the higher hardness after process II is that the austenite is undercooled below Ms and there was more martensite transformed from the undercooled austenite. Besides the microstructural effect, the elements Mn, Ni, Cr and Mo added to the steel play important role in solid solution, which lead to the higher strength. As we know, Mn and Ni can increase the amount and stability of retained austenite, so the toughness could be improved. The SEM micrographs of the tensile fractured surfaces processed by these two routes are presented in Fig. 4 . From the macrographs showing the fractured surfaces in Figs. 4(a) and (b) , it is evident that the specimens were (a) (b) (a) (b) ductile fractured depending on the processing condition. The most striking feature accompanied with fracture is plastic deformation by slip which produce large amount of slip deformation in crystal prior to ductile fracture. Moreover, there coexist more deeply equi-axed and elongated dimples in Fig. 4(a) , which suggests that process I (CR+AC) is beneficial to the plasticity. The impact energy and impact toughness of this ultra-high strength bainitic steel sheet at room temperature and 30 C are presented in Table 4 . At either room temperature or 30 C, there was no much difference in the impact energy and toughness for process II. At 30 C, the impact energy and toughness were decreased a little than that Dislocation at room temperature for process I. This indicates that the experimental steel after TMCP has good low-temperature impact toughness. For both TMCP and CR+AC processes, the impact energies at 30 C of this experimental bainitic steel are much higher than that reported by Wang et al. (2010) . Fig. 5 shows the TEM microstructures of the experimental steel processed by CR+AC (I) and TMCP (II). From  Fig. 5(c) , one can see that the microstructures consist of fine lath bainite (LB) and retained austenite after process I, where the width of the laths is 0.2~0.3 m and retained austenite film is located between the laths. It is obvious from Fig. 5(d) that the microstructures after process II is mainly composed of martensite (M), and minor fine lath bainite and residual austenite. The width of the laths is also 0.2~0.3 m and austenite film is also located between adjacent laths. Figs. 5(a) and (b) show the high-density dislocation wall at the bundle of bainite and martensite. It is readily to know that phase transformation of austenite to martensite and/or bainite plays most dominant strengthening role in this steel. Besides, fine dispersed precipitates were distributed within the laths and exert pinning effect on the dislocation movement, so precipitation strengthening is also important. The fine precipitates have several nanometres or less than 10 nm, the tangled dislocations were pinned by these fine precipitate which lead to higher strength and excellent toughness of the steel.
Conclusions
The effects of CR+AC and the TMCP processes were investigated on the microstructures and mechanical properties of this ultra-high strength steel sheet. The following conclusions can be drawn.
(1) After processed by either CR+AC or TMCP, the microstructures of this steel sheet consist of lath bainite or lath martensite plus lath bainite. Under both the processing conditions, the yield and tensile strengths of this steel exceed 1000 MPa and 1500 MPa, respectively, while the total elongation is over 10%. The impact behavior of this ultra-high strength bainitic steel is excellent at room temperature or even at extremely low temperature. (2) Fine precipitates (<10 nm) and high-density tangled dislocation are distributed within the matrix after processed by either CR+AC or TMCP. The strengthening and toughening mechanisms of this steel sheet can be attributed to fine precipitates and microstructural transformation of austenite to bainite or martensite. Both CR+AC and TMCP processes can meet the requirement for producing extra-high strength steel in a real production.
